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Abstract 
Mine sites manage releases of water to ensure compliance with regulation of the use of water 
resources and the protection of surrounding environment. License conditions restrict discharge to 
downstream watercourses to specific conditions of flow and concentration to minimise impacts on 
receiving waters. Traditionally, mine sites comply with discharge restrictions by undertaking 
detailed hydrological analyses of relevant catchments. Such studies can predict which rainfall 
event may lead to non-compliance. The underlying assumption is that the only factors that can 
influence the discharge risk are rainfall and runoff. However, a mine water system is not limited to 
its catchment. It also comprises additional inputs and outputs, stores and tasks, such as ore 
processing and dust suppression. These connected elements constitute a complex system with 
feedbacks, so that a perturbation in the water system leads to changes in the water balance status. 
We demonstrate that a systems modelling approach can be used to design a site water 
management system that balances the dual risks of discharge and running out of water. The 
approach has been applied to a range of mining operations resulting in the capacity to understand 
the implications of wide spread implementation of leading practice water use and loss rates. 
 
Introduction 
Unplanned discharge from mine water bodies can have serious repercussions for riverine 
ecosystems. For mine sites, poor management of water excess also represents an operational risk 
as it can result in breaches of regulatory frameworks and associated license conditions, often 
leading to the payment of fines and loss of community support for the operation.  
The risk of discharge to rivers during flood events is first minimised by designing mine water 
storages with dimensions that are appropriate for the climatic environment. Design is based on 
detailed hydrological modelling of relevant catchments. A catchment model is developed, which is 
not a replication of the real catchment but rather a simplification of the real system. In general, the 
simplification takes the form of a mathematical representation of the many physical processes. 
Many models are available and extensively used. In Australia, the most commonly used models 
are RORB and URBS (Laurenson and Mein, 1990), and RAFTS (WP Software, 1994). Values for 
the parameters that are embedded in the mathematical equations are obtained through model 
calibration. Given time series of data, such as the measurements of water levels in a key mine 
water storage at regular time intervals, results produced by the model for a range of parameter 
values are compared with the measured data sets. The parameter values that lead the results that 
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best describe the data sets are selected. Once the catchment model is calibrated, extreme rainfall 
events can be simulated and their impact on the storage capacity of key mine water bodies 
assessed. Specific methodologies are available to estimate the intensity and frequency of 
simulated events. The most commonly used in Australia are outlines in Australian Rainfall and 
Runoff, published by the Institution of Engineers (Pilgrim, 1997). Statistical analysis is used to 
establish a relationship between frequency, duration and intensity of high-rainfall events in a 
particular area. Simulation results can then be used to design site structures that take into account 
maximum probable rainfall event conditions. 
Local conditions and regulatory frameworks, particularly those dealing with dam safety, impose the 
design events that must be taken into account. These can range from high probability events (with 
a 1 in 10 years recurrence interval) to very low probability events, up to the maximum probable 
flood. In any case, in a given year, the probability that any of these events will occur on a mine site 
is less than one. In the current context of drought, dwindling water resources, and in general 
difficulties in securing water supply, mining operations are implementing significant changes to on-
site water management. The probability that in a given year, a site will modify aspects of its water 
system is close to one. Changes to mine site water systems are more likely to occur than any of 
the extreme hydrological events upon which traditional discharge analysis places so much 
emphasis. In this paper, we show that mine water circuits are complex systems with feedbacks, so 
that a perturbation in the water system leads to changes in the water balance status and the 
probability of discharge. We also demonstrate that a systems modelling approach is the most 
suitable to assess the impact of management interventions.  
Methodology  
Model Development  
A mining operation uses water for the processing of the material that is extracted (rock, ore, coal), 
dust suppression, vehicle and industrial wash down and potable uses. Dust suppression is needed 
in pits, on roads and in industrial areas. Water is brought on site via a range of sources and 
reticulation options. Sources include surface water, groundwater, sea water and water supplied by 
third parties, such as a municipality supplying treated effluent. The raw water that is brought on a 
site will be involved in a task and in many instances, some of it will be recovered and used again. 
We define worked water as water that has been involved in a task or has passed over or through 
an area disturbed by the mining processes. Mine site water systems are thus characterised by: 
• Multiple inputs, which include inputs controlled by climate (rainfall and runoff, lakes and rivers), 
external regulating bodies (water suppliers, third parties), physical characteristics (aquifers) and 
site conditions (water entrained in the materials brought on site). There is no one central entity 
that controls the system.  
• Causal relationships between water tasks (or uses), water treatment and stores: these can be 
encapsulated in a Task-Treat-Store cycle made of a set of different water objects that are 
related or interact with one another. The relationship between these objects depends on the 
water management strategy implemented. Attributes characterising the water quantity and 
quality within this cycle can be both cause and effect of other attributes. For instance, ore grade 
can impact on water quantity requirements (cause) but can also alter water quality (effect).  
• Various sources (surface, groundwater, sea, third-party) and states of water (raw or worked): 
To account for water by state and source, water flows must be represented as a list (“vector”) of 
quantities from each source and from each state. Water flows must be represented as a 
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combination of sub-sets (the quantities from each source and state) that can be embedded into 
other sub-sets (the quantity from one source can be a combination of states).  
• Feedback mechanisms, through the possibility to increase inputs when supply availability is low 
or adjust the quality of water through treatment mechanisms.  
• The non-linearity in the input/output relationships, due to the level of control exerted by climate 
variation and feedback mechanisms.  
The mathematical model that is required must represent a non-linear system that is a set of 
connected elements (inputs, outputs, use-treat-store) that are not controlled by a central entity 
(multiple inputs) and that includes causal relationships (use-treat-store) between objects 
embedded in other objects (water flows as sub-sets of states and sources) and feedback 
mechanisms. This list of criteria characterises a complex systems model (Checkland, 1981).  
The traditional engineering approach to describing mine water systems is to represent all 
catchments, storages, reticulation and pumps, along with the operational rules that dictate 
transport rates in the distribution system. This type of model is essential for day-to-day operations 
as it can provide mine management with risk-based guidelines for both securing and containing 
mine water inventories (McIntosh et al., 2003). It is also essential for detailed planning of major 
changes to the site, feasibility analysis for new projects and impact of hydrological design events. 
However, their structure is not well adapted to the requirements of the complex systems approach.  
In general these engineering models are developed for specific operations and they do not require 
a specific structure to list all potential types of inputs. They focus on the description of water 
transfers within a site and do not explicitly represent the water tasks, so that the feedback 
mechanisms that link the water tasks with the availability of supply and associated discharge risk 
are not clearly identified and causal relationships not outlined. The existing engineering models do 
not provide the systems-level description of mine water system that is required. A new model was 
developed which emphasises the whole system with consideration of the main interactions, 
feedbacks, and functional relationships between the various parts of the whole system, without 
unnecessary detail.  
The numerical model that was developed was a considerably simplified system representation of a 
mine site to assist with the understanding of implementing specific water management practices. 
The amount of detail in the representation was selected to be consistent with the uses of the 
model. It consists of: (1) two types of water stores, one for raw water and one for worked water; (2) 
a blending facility, which is a piece of ‘virtual’ infrastructure representing all water reticulation 
around a site; (3) several tasks, which import and export water of varying and potentially 
constrained qualities; and (4) a treatment facility (Figure 1). 
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Figure 1 - Systems Model for Calculation of Water Accounts 
All storages present on site are represented with a reduced number of stores, characterised by the 
state of the water that they contain (raw or worked). This follows from the important feature that the 
storage property at the scale of interest (overall water stock) arises from the interaction of the vast 
number of storages at the lower (engineering) level.  
Water enters the system as a combination of inputs characterised by sub-sets of source and state 
flows. Specific water quality constituents (eg. salt) can be added to characterise the water quality of 
these sub-sets. Feedback mechanisms related to water quantity are represented by means of rules 
for the stores. Feedback mechanisms related to water quality are represented through use of a 
tolerance to specific constituents that can be set at the water intake to any task. Concentrations of 
each flow and store in critical water constituents are calculated, with specific implication for 
predicting the quality of potential discharges (not assessed nor discussed in this paper). All water 
tasks are represented. 
Simulations are driven by the climate information that is provided by the user (long term sequence 
of daily rainfall and evaporation). Such information can be sourced from on-site measurements, if 
available, or from the bureau of meteorology (Silo Data Drill at http://www.bom.gov.au/silo/). 
Materials and Methods 
The magnitude of the inputs and outputs will characterise each mine water system. A site brings 
water (inputs) to compensate for site losses (discharge being one of them). At the moment, many 
sites will try and achieve reduction in site inputs, through reducing losses (from tasks and stores), 
increasing the worked water intake at each task (in other words, increasing reuse), or reducing the 
C. Côte / River Symposium 2008 
Page 5 of 16 
 
task’s water production ratios (the volume of water required and/or lost per unit ore or coal 
produced). This study sought out to quantify the potential impact of these management strategies 
on discharge risk.  
Two Queensland mine sites were selected for analysis. Site A is a small gold/silver mine with an 
ore processing plant, which includes a cyanide leaching extraction circuit and stripping and 
electrowinning process. This site draws water from both groundwater and surface water sources. It 
has small catchment areas and storages. Water from the processing circuit is treated and used in 
tasks again. The storage and water quality constraints of this site impose careful management of 
discharge risk. Site B is a an open cut/underground coal mine that is largely dependant on third-
party water supply. This site also includes a processing plant and relies heavily on water reuse. It 
has larger catchment areas, storage capacity. The main constituents in worked water are salts. 
Table 1 summarises the statistics for each site. For both sites, it was assumed that task-level 
management strategies (reducing task loss, reducing task water requirements) were only applied 
to the processing task.  
Table 1 - Site description 
Mine Site Site A Site B 
Mineral type Gold/Silver Coal 
Worked water catchment area 
[ha] 
23 4088 
Worked water storage volume 
[ML] 
2,500 16,000 
Monthly rainfall-to runoff factors 0.56, 0.7, 0.39, 0.13, 0.09, 
0.07, 0.06, 0.02, 0.03, 0.16, 
0.29, 0.38 
0.195, 0.245, 0.136, 0.044, 
0.03, 0.023, 0.02, 0.006, 0.012, 
0.057, 0.1, 0.132 
Processing plant usage [ML/day] 1.48 11.89 
Processing plant recycle volume 
[ML/day] 
1.30 9.25 
Processing plant current fresh 
water requirement [-] 
35% 5% 
 
Fifty years (1955-2005) of monthly rainfall and evaporation figures from a location that is close to 
both mines were used as input hydrological data. In the model, rainfall is converted into runoff 
using calibrated volumetric coefficients. For Site A, coefficients were provide by the site. For Site B, 
coefficients were obtained through analysis of historical values derived from regional data 
(Eastgate et al., 1979). For the zones within the mine which are not vegetated and where land has 
been disturbed (spoil, roads), this assumption yields too conservative an estimate of run-off 
because the regional data were biased towards natural, more-or-less vegetated surfaces. To 
obtain more realistic values of runoff volumes:  
• The proportion of disturbed land in the catchment of each storage was computed; 
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• The runoff volumes generated by rainfall falling on disturbed land were calculated using the 
monthly regionalised rainfall run-off coefficients increased by 50% to account for the lack of 
vegetation;   
• It was recognised, however, that not all the generated runoff would be captured by the 
reservoirs on disturbed land. Some water that does not infiltrate can be temporarily stored in 
surface depressions and microtopography from which it evaporates. A factor was introduced to 
account for this additional evaporation (referred to as “additional evaporation loss factor” - 
ADELOF), and it was calibrated. The importance of accounting for depressional storage for run-
off estimation has been known for many years (Hairsine et al., 1992). This is likely to be more 
important than in agriculture because of the large surface roughness and the possibility of 
storage at a larger spatial scale. 
As outlined above, scenarios were selected to assess the impact of variation in some critical 
system characteristics:  
• The task loss scenario assessed the impact of reducing losses to 80%, 60%, 40%, and 20% of 
its current value (Table 2); 
• The store loss scenario assessed the impact of reducing evaporation losses to 75%, 50%, and 
25% of their current magnitude;  
• The raw water input scenario assessed the impact of varying the proportion of raw water at the 
task input; and 
• The reduced production ratio scenario assessed the impact of reducing the task input and 
losses to 50% of their current value.  
Table 2 – Loss Values for Task Loss Scenario 
Task Loss Scenario Site A Loss 
(ML/day) 
Site B value 
(ML/day) 
Current loss 0.18  2.64  
80% Current loss 0.144  2.112  
60% Current loss 0.108  1.584  
40% Current loss 0.072  1.056  
20% Current loss 0.036  0.528  
 
Results and Discussion  
Results are reported as exceedance curves for the worked water store. Discharges from raw water 
store do not pose any environmental threat as they generally contain water of high quality, close to 
potable water standards. Discharges from worked water stores are those that pose a threat to the 
environment. Exceedance curves provide the probability (on the vertical axis) that the volume 
stored in the reservoir will exceed a certain proportion of the available storage (on the horizontal 
axis). We also define the wet indicator as a measure of the relative frequency that the water level 
of the worked water store exceeded 90% of its storage capacity. The higher the wet indicator, the 
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higher the risk that uncontrolled discharge will occur (Cote et al., 2007). In the current situation, 
both sites exhibit stocks of worked water that are in balance: neither the probability of running dry 
or of discharging is too high.  
Task Loss Scenario – Site A 
The exceedance curves obtained with the various loss values are plotted in Figure 2. They show 
that overall stock of worked water increases as the loss decreases. With up to 40% reduction in the 
task loss, there is no impact on the wet indicator, which is zero. Beyond 40% reduction, the wet 
indicator increases. Discharges are predicted for an 80% reduction in task loss (Figure 3), with an 
5 ML released over 16 days per year. The relationship between task loss reduction and predicted 
discharge volume and that between task loss reduction and discharge frequency are clearly non-
linear. When implementing initiatives to reduce water losses through task, it is imperative to plan 
for the use of that saved water, either by sending the water to another task or modifying storage 
capacity.  
Task Loss Scenario – Site B 
Similar results are obtained at Site B (Figure 4 and Figure 5), despite the fact that this site has 
much larger storage capacity. Reducing the task loss can cause a disruption in the water system 
significant enough to lead to increased discharges. The frequency of the predicted discharges is 
similar to that predicted for Site A but volumes are much larger.  
Evaporation Loss Scenario – Site A and B 
Similar results are obtained when simulating a reduction in evaporation losses. At both sites, 
decreasing evaporation lead to an increase in the stock of worked water (Figure 6, Figure 8). The 
wet indicator increased from 0 to 0.9 (Site A) and 0 to 0.62 (Site B). Up to a loss less than 50% of 
its current value, no discharges are predicted. For a loss equal to 50% of its current value, frequent 
discharges are predicted (Figure 7, Figure 9). Again, the relationships between loss reduction, 
volume and frequency of discharge are non-linear.  
Task Raw Input Scenario – Site A 
At the moment, Site A recycles a large proportion of task water and the input of raw water at task 
level has been minimised. If this were to change and the task required a greater proportion of raw 
water (for instance if no worked water was available), this would have a significant impact on 
discharge risk. Figure 10 displays worked water exceedance curves obtained for various 
proportions of raw water at the intake of the task. The total amount of water used by the task does 
not vary, but the proportion of raw water in that total amount does vary. With increased proportion 
of raw water at the task input, the site would have to import significantly more raw water and would 
have to store it after it has been used. The discharge risk is directly related to the volumes of raw 
water a site brings in (Figure 11) and these should be minimised.  
Task Raw Input Scenario – Site B 
Similar results are obtained with Site B, with the impact of bringing more raw water onto the site 
even more severe (Figure 12, Figure 13).  
Production Ratio Scenario – Site A and Site B 
With Site A, reduced production ratios lead to a reduced stock of worked water (Figure 14). At Site 
B, it leads to an increased stock of worked water (Figure 15). These results show why a systems-
based modelling approach is necessary for analysing the impact of water management strategies. 
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The interactions between the various elements lead to non-linear results that are not necessarily 
intuitive as for different sites, the same management strategy can lead to opposite results. 
Conclusion 
The risk of discharges from mine sites does not solely arise from hydrological events. 
Implementation of water management strategies, such as reducing losses, can also increase the 
probability of discharge. The relationships between the magnitude of a water system change and 
the associated predicted discharge risks are clearly non-linear and a systems-based modelling 
approach is necessary for analysing the impact of water management strategies. The interactions 
between the various elements of the water system can lead to counter-intuitive results that cannot 
be easily deduced. Use of the model provides a risk profile for management options and can guide 
appropriate implementation of management strategies. For instance, the model predictions clearly 
showed that when implementing initiatives to reduce water losses through tasks, it is imperative to 
plan for the use of that saved water (eg. by sending the water to another task) or for its storage (eg. 
through modification of storage capacity).   
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Site A Task Loss 
             
Figure 2 – Impact of task loss reduction on worked water reservoir exceedance curve  
 
Figure 3 – Average Yearly Discharge Volume (ML/yr) and Average Yearly Number of Discharge Days  
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Site B Task Loss 
                     
Figure 4 – Impact of task loss reduction on worked water reservoir exceedance curve  
 
Figure 5 Average Yearly Discharge Volume (ML/yr) and Average Yearly Number of Discharge Days 
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Site A Evaporation Loss 
 
Figure 6 – Impact of evaporation loss reduction on worked water reservoir exceedance curve  
 
 
Figure 7 - Average Yearly Discharge Volume (ML/yr) and Average Yearly Number of Discharge Days 
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Site B Evaporation Loss 
 
Figure 8 – Impact of evaporation loss reduction on worked water reservoir exceedance curve  
 
Figure 9 - Average Yearly Discharge Volume (ML/yr) and Average Yearly Number of Discharge Days 
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Site A Task Raw Input  
  
Figure 10 – Impact of proportion of raw water in task input on worked water reservoir exceedance curve  
 
Figure 11 - Average Yearly Discharge Volume (ML/yr) and Average Yearly Number of Discharge Days 
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Site B Input Magnitude  
  
Figure 12 – Impact of proportion of raw water in task input on worked water reservoir exceedance curve  
 
Figure 13 - Average Yearly Discharge Volume (ML/yr) and Average Yearly Number of Discharge Days 
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Site A Reduced Production Ratio  
 
Figure 14 – Impact of production ratio on worked water reservoir exceedance curve  
 
Site B Reduced Production Ratio 
 
Figure 15 – Impact of production ratio on worked water reservoir exceedance curve  
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